Pentatricopeptide repeat (PPR) proteins are encoded by the nuclear genome as a large gene family in land plants. PPR proteins play essential roles in organelle-related functions, mostly in RNA-processing steps in plastids and mitochondria. In the moss Physcomitrella patens, there is also a large gene family, but the moss PPR proteins are likely to be divergent from those of higher plants. To investigate the function of plastid PPR proteins, we have generated and characterized a PPR protein gene disruptant of P. patens. The PPR531-11-disrupted mosses displayed abnormal phenotypic characteristics, such as a significantly smaller protonemal colony, different chloroplast morphology, and incomplete thylakoid membrane formation. In addition, the quantum yield of photosystem II was reduced in the disrupted mosses. To further investigate whether disruption of the PPR531-11 gene affects chloroplast gene expression, we performed Northern blot and reverse transcription polymerase chain reaction analyses. These analyses revealed that PPR531-11 has a role in intergenic RNA cleavage between clpP and 5-rps12 and in the splicing of clpP pre-mRNA. Western blot analysis showed that disruption of PPR531-11 resulted in a reduced level of ClpP, photosystem II reaction center protein D1, and the stromal enzyme, ribulose-bisphosphate carboxylase/oxygenase. These reductions might result in the severely retarded growth of the protonemal colony. Taken together, we propose a model where PPR531-11 function affects the steadystate level of ClpP, which regulates the formation and maintenance of thylakoid membranes in chloroplasts. This is the first evidence of a PPR protein controlling the protein expression level of ClpP.
tetratricopeptide repeat motif, a well characterized protein interaction motif that is composed of 34 amino acids (2) . A particularly large gene family encoding PPR proteins exists in plants, from mosses (3) to flowering plants (4), but not in fungi and animals. For instance, the Arabidopsis thaliana and the rice (Oryza sativa) genomes encode more than 400 PPR proteins. Most plant PPR proteins are predicted to be targeted to the mitochondria or chloroplasts (4) . Many PPR proteins play important roles in a wide range of physiological and developmental functions, i.e. cytoplasmic male sterility (5, 6) , fertility restoration (7), photosynthesis (8, 9) , chloroplast biogenesis (10) , and early or late embryogenesis (11, 12) .
Many chloroplast genes of land plants are cotranscribed as polycistronic pre-RNAs, which are then extensively processed into shorter mature RNA species (13) . Recently, several lines of evidence that PPR proteins are involved in post-transcriptional regulation in chloroplast gene expression have accumulated. For instance, the maize PPR protein CRP1 is required for intergenic RNA processing of petB and petD dicistronic mRNA (8) . The maize protein PPR2 was shown to exist in large macromolecular complexes in the chloroplast stroma and was suggested to function in the synthesis or assembly of the plastid translation machinery (10) . The Arabidopsis HCF152 protein is a plastid RNA-binding protein that is involved in the 5Ј processing and splicing of petB pre-mRNA (14, 15) . The Arabidopsis CRR2 protein is essential for the processing of rps7-ndhB dicistronic mRNA (16) . Thus, PPR proteins might be involved in certain steps of RNA maturation in a gene-specific manner. Interestingly, some PPR proteins have also been identified as DNAbinding proteins (12, 17, 18) . Despite the large number of PPR proteins in plants, there is only fragmented information concerning the relationship between PPR proteins and their target RNA or DNA molecules.
The moss Physcomitrella patens has recently emerged as a powerful model system in plant functional genomics (19) . The genome sequences are known for the chloroplast (20) , the mitochondrion (21) , and the nucleus (22) . Gene targeting is feasible in the nuclear and chloroplast genomes (23, 24) . Furthermore, the P. patens gametophyte, the haploid phase of the life cycle, is dominant, making it possible to study the phenotypes of knockouts directly without further crosses. We previously identified and characterized two chloroplast-localized PPR proteins, PPR513-10 and PPR566-6, from P. patens. Their genes were expressed differentially in protonemata grown under different light-dark conditions, suggesting that they have distinctive functions in chloroplasts (3) . To investigate the function of chloroplast PPR proteins, we generated and characterized the * This work was supported by the Ministry of Education, Culture, Sports, Science, and Technology (Grant-in-Aid 14340252 to M. S.), by the Japan Society for the Promotion of Science Research Fellowships for Young Scientists (to M. H.), and by a research grant from Sekisui Chemical Co. Ltd. (to M. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. PPR531-11 (an isoform of PPR513-10) protein gene disruptant. In this study, a chloroplast PPR gene disrupted moss displayed abnormal phenotypic characteristics, such as significantly retarded growth of the protonemal colonies and smaller chloroplasts with an abnormal thylakoid membrane structure. Moreover, disruption of PPR531-11 resulted in aberrant RNA processing of clpP pre-mRNA. This is the first identification of an RNA species targeted by the moss chloroplast PPR protein.
EXPERIMENTAL PROCEDURES
Plant Material and Culture Conditions-The protonemata (juvenile gametophores) and the leafy shoots (adult gametophores) of P. patens subspecies patens were grown at 25°C under continuous light (30 mol/m 2 /s) on solidified BCD medium (25) . For vegetative propagation, the protonemata were collected every 4 days and spread on fresh plates (26) . Total cellular DNA and RNA and chloroplasts were isolated from the 4-day-old protonemata.
Isolation of DNA and RNA-Total cellular DNA was prepared by a cetyltrimethylammonium bromide method as described (27) and treated with RNase A (TaKaRa) to remove residual RNAs. Total cellular RNA was isolated with TRIzol (Invitrogen), chloroform, and isoamyl alcohol and finally treated with DNase I (TaKaRa). Chloroplast RNA was prepared from the isolated chloroplasts as described previously (28) .
cDNA and Genomic DNA Sequencing-The genomic region of the PPR531-11 gene was amplified from total cellular DNA by PCR with the primers: 5Ј-GAGGAGGCTGTGTTAGAGG-TCT-3Ј and 5Ј-GATCACTTGGAACAAACTGCCG-3Ј (3). The amplified DNA fragment (3879 bp) was cloned into pGEM-T Easy vector (Promega, Madison, WI) to generate plasmid pMH1-1 and was sequenced using an ABI3100 Genetic Analyzer (PerkinElmer Life Sciences, Applied Biosystems) and appropriate primers as described previously (3) . cDNA derived from constitutively spliced mRNA coding for PPR531-11 was amplified and sequenced as described before (3) . Nucleotide sequence data were deposited in the DDBJ/EMBL/GenBank TM databases (accession nos. AB267806 (PPR531-11 gene) and AB267854 (PPR531-11 cDNA)).
Moss Transformation-To disrupt the PPR531-11 gene, the genomic region of the gene was amplified from pMH1-1 with the primers: P1, 5Ј-ATGGCTGGTTTGCCGGTGGCT-3Ј and P2, 5Ј-AGATAAAGTTTCTAGGCTGATT-3Ј. The amplified DNA fragment (3288 bp) was cloned into pGEM-T Easy to generate pMH1-2. The chimeric nptII gene cassette from pMBL6, which consists of the cauliflower mosaic virus 35S gene promoter, the nptII coding region, and the 35S gene terminator, was excised as a 1973-bp EcoRV fragment. This fragment was inserted into the blunted StuI site in the fifth exon of the PPR531-11 gene in pMH1-2. The resulting plasmid, pMH1-3, was digested by NotI and introduced into the P. patens protonemata protoplasts as described (23) . Transformed mosses were cultured on BCDAT medium containing 50 mg/liter Geneticin (G418, Wako). Gene disruption was confirmed by PCR with the primers: P3, 5Ј-GCAATATGCTCAAGCTCAAGG-3Ј and P4, 5Ј-CCCATCATACTCTCTGCCATT-3Ј, and by genomic Southern blot analysis. A PPR531-11 gene probe (531 bp) was amplified using primers, 5Ј-TTGTTGCAGCATATGGGAA-GGC-3Ј and 5Ј-CCTCCATGACAGATGTATAAGTG-3Ј, and labeled using a digoxigenin DNA labeling and detection kit (Roche Diagnostics).
Phenotypic Observation, Chlorophyll Content, and Chlorophyll Fluorescence Properties-External phenotypes of protonemata and leafy shoots were observed using an Olympus SZX12 stereomicroscope and an Olympus BX-50 fluorescence microscope. Chlorophyll content was determined as described previously (29) . Analytical photosystem II (PSII) fluorescence measurements were carried out with a pulse-amplitude modulated fluorometer (PAM 101/103, H. Walz, Effeltrich). 4-dayold protonemal tissue (1 g fresh weight) was placed at the bottom in a 50-ml plastic tube and dark-adapted for 5 min before measurement. The quantum yield of PSII photochemistry (PSII) was calculated as previously described (30) .
Electron Microscopic Observations-5-day-old protonemata and 30-day-old gametophores were fixed with 5% glutaraldehyde and 2% osmium tetroxide in 0.05 M phosphatase buffer (pH 7.2). The samples were dehydrated through a graded acetone series and embedded in Spurr's resin and polymerized. Sections were stained with uranyl acetate followed by lead citrate solution. We analyzed samples with a transmission electron microscope (H-7500, Hitachi) (31) .
Northern Blot Analysis-For Northern blot hybridization analysis, 5 g of total RNA was loaded onto a 1% agarose gel containing formaldehyde, and then transferred to a nylon membrane. The membrane was hybridized and washed at 65°C (3). Gene-specific DNA probes were amplified by PCR as described (32) Reverse Transcription-PCR-For the PPR531-11 transcripts, DNA-free total cellular RNA (4 g) was denatured in the presence of oligo(dT) 18 primer at 70°C for 10 min and chilled on ice. Reverse transcription was carried out with ReverTra Ace (Toyobo) at 42°C for 60 min, and first-strand cDNA was synthesized. PCR were performed using the first strand cDNA, Ex Taq DNA polymerase (TaKaRa), and primers P1 (as above) and P5 (5Ј-ATAGTCATTGCGTCTCTCATG-3Ј) for 30 cycles (3). A 500-bp DNA fragment was amplified from the transcripts. As a control, an actin gene sequence was used for the RT-PCR using primers as described previously (33) . For semiquantitative analysis of chloroplast transcripts, first strand cDNA was reverse-transcribed from the chloroplast RNA with random primers (Invitrogen). Each cDNA fragment was amplified using the following pair of primers: C1, 5Ј-ATGCCTATCGGTG-TTCCAAAAGT-3Ј and C2, 5Ј-CGTTTAATAGTTCAAGT-TCGT-3Ј; C3, 5Ј-ATGTAGATGATGAAATTGCGA-3Ј and C4, 5Ј-TTAATTATGAACTGTACGTAC-3Ј; C1 and C5, 5Ј-GCTTCTTGCGCTGACATAAAAAC-3Ј; C6, 5Ј-CAACCTG-CTAGTTCTTATTAT-3Ј and C7, 5Ј-ATTTTCTATTGGTT-GTCTTCG-3Ј; RS1, 5Ј-TAAACCAATAAATTCTGCATATT-ATATA-3Ј and RS2, 5Ј-ACGCCCTTGTTGACGATCTTT-3Ј; RS1 and RS3, 5Ј-TTATTTTGGCTTTTTCACTCCATATT-3Ј; RL1, 5Ј-GACTAGAGTTAAACGTGGGTATG-3Ј and RL2, 5Ј-TGTAGAAAAACAATTAGTGTC-3Ј; D1, 5Ј-CGATTGG-TTTGAAGAACGTCTTG-3Ј and D2, 5Ј-AAGCTGCTCCA-ATACCTAACCAA-3Ј; and D3, 5Ј-TAACGCTTAAAAAAA-ATTTATGG-3Ј and D2.
Primer Extension Analysis-To determine the RNA processing site of clpP pre-mRNA, primer extension was carried out using isolated chloroplast RNA (10 g) and 5Ј-32 P-labeled primer, 5Ј-TGGATGTCCTCAACGAAGAGGAGTTTGTA-CTAGAG-3Ј (nucleotide positions 13571-13537) (20) . Reverse transcription was performed using ReverTra Ace (Toyobo). Sequence ladders were amplified with the same primers and a Thermo Sequenase Primer Cycle sequencing kit (Amersham Biosciences). The products and sequence ladder were loaded onto a 6% denaturing polyacrylamide gel.
Chloroplast Isolation-4-day-old protonemata (30 g of fresh weight) were incubated for 1 h at 25°C in 8% mannitol and 2% Driserase 20 (Kyowa Hakko Kogyo). The protoplasts were suspended in buffer (330 mM sorbitol, 30 mM HEPES-KOH (pH 7.5), 2 mM EDTA, and 0.1% bovine serum albumin), and broken by passing the suspension through two layers of nylon mesh (20 m pore size). The chloroplast pellet was collected by centrifugation at 4000 ϫ g for 10 min at 2°C (28) .
Immunoblot Analysis of Chloroplast Proteins-Chloroplast protein was extracted from the isolated chloroplasts using buffer (2% Triton X-100, 10 mM Tris-HCl, 20% glycerol and 3 mM dithiothreitol). 9 g of extract, and each protein dilution were loaded on SDS-12% or 15% (for detection of ClpP) PAGE and stained Quick-CBB Plus (Wako). For immunoblotting, the gel was transferred to Immobilon TM Transfer Membranes (Millipore). The incubation and immunodetection were performed using ECL plus (Amersham Biosciences) protocols. Antibodies were provided by M. Ikeuchi (␣-spinach D1), T. Hisabori (␣-TF1-B), F. Sato (␣-spinach PsbO), and A. Watanabe (␣-rice ClpP). ␣-Rice ClpP, ␣-spinach D1, and ␣-tobacco cp28 were used at a dilution of 1:5000, and ␣-TF1-B and ␣-spinach PsbO at a dilution of 1:10000.
RESULTS

Structure of the PPR531-11
GeneIn a previous study (3), we showed that two PPR proteins, PPR513-10 and PPR566-6, are plastid-localized in P. patens. Expression of the PPR513-10 gene is regulated in a light-dependent manner, suggesting PPR513-10 plays an important role in plastid function. Hence, we selected the PPR513-10 protein to investigate its function in plastids. Before this analysis, we amplified the genomic region using primers designed from the PPR513-10 cDNA (3) and determined that the genomic sequence consisted of Primers and the expected fragment sizes for PCR analysis are also shown. B, total cellular DNA from wild-type (WT) and disrupted (4-4 and 2-30) mosses and the targeting construct pMH1-3 (cons.) were digested with EcoRV and BstXI and hybridized with the DNA probe (above). C, PCR analysis using primers P3 and P4 showed that 1.1-and 3.0-kb fragments were derived from wild-type (WT) and transgenic lines (4-4 and 2-30), respectively. D, RT-PCR for detection of PPR531-11 transcripts using primers P1 and P5 and total cellular RNA from wild-type (WT) and the disruptants (4-4 and 2-30). RT-PCR for actin transcripts was used as a control.
seven exons and six introns. In this analysis, we noticed that the cDNA encoding PPR513-10 was derived from an alternatively spliced mRNA. We then isolated and sequenced the cDNA, which encodes a polypeptide of 531 amino acids with 11 PPR motifs (hereafter designated as PPR531-11, Fig. 1 ). There were two splicing donor sites at the border of exon 5 and intron 6 of the gene. If 312 bp or 258 bp of intron 6 were spliced out, mRNA encoding PPR513-10 or PPR531-11, respectively, would be produced ( Fig. 2A) . RT-PCR analysis showed that the mRNA encoding PPR531-11 was predominant in the moss protonemal cells (data not shown).
Knockout of the PPR531-11 Gene Results in Significantly Reduced
Growth of Protonemata-To investigate the function of PPR531-11, we constructed and characterized PPR531-11 knock-out mosses ( Fig.  2A) . Among several G418-resistant mosses, we isolated two lines, 4-4 and 2-30, and performed Southern blot analysis to verify the targeted disruption (Fig. 2B) . Probing with PPR531-11 gene detected the predicted 2.6-kb signal in the wild-type moss. By contrast, a 4.6-kb signal appeared in the G418-resistant moss lines, corresponding to the 2.0-kb nptII cassette integrated into the PPR531-11 locus (Fig. 2A) . A uniform population of the transformed moss genome in the transgenic moss was further verified by PCR analysis (Fig. 2C) . These results indicated the correct insertion of the nptII cassette into the targeted PPR531-11 gene locus. Furthermore, the absence of PPR531-11 transcript in the 4-4 and 2-30 transgenic lines was verified by RT-PCR (Fig. 2D) . A band of 500 bp was detected in the wild-type moss but not in the transgenic PPR531-11 disruptants. By contrast, actin gene transcript was detected in the wild-type and PPR531-11 disruptant mosses. This result clearly indicates that PPR531-11 transcripts are absence from the disruptants, which are probably PPR531-11-deficient. Because the two disruptants displayed the same external phenotypes, the 4-4 transgenic moss was selected as the representative PPR531-11 disruptant and was further characterized.
The PPR531-11 disruptant, transgenic line 4-4, did display abnormal protonemal colonies. Compared with the wild-type moss colony, the protonemal colonies were significantly smaller in the disrupted moss. This phenotype was not caused by G418, because G418 was not added to the growth medium To compare the phenotype of the disruptant and the wild-type, the mosses were grown on a culture plate without Geneticin G418. A, the protonemal colony morphologies of the wild-type (WT) and the disruptant (4-4) that were grown for 14 days under continuous light on BCD only plates, BCD with either 1% glucose or 50 mM ammonium tartrate (Amm. Tart.), or BCD with glucose and ammonium tartrate. Scale bars, 10 mm. B, magnified microphotographs of the margin of the colonies grown for 9 days on BCD. Scale bars, 0.1 mm. C, gametophores grown for 30 days on BCD. Scale bars, 1 mm. D, the number of gametophores per colony grown for 30 days. The gametophores were counted for 15 colonies, and the standard deviations are shown. E, the number of chloroplasts per chloronema or gametophore cell. Chloroplasts were counted in 20 cells, and the standard deviations are shown. F, micrographs of chloronema, caulonema, and gametophore cells of wild-type (WT) and disruptant (4-4). Chloronema and caulonema cells were grown for 4 days and the gametophore for 30 days. Scale bars, 100 m.
for phenotypic characterization. Even though glucose (0.5%, 1%, or 3%) and/or ammonium tartrate (5 mM) was supplemented in the BCD medium, the size of the moss colony was not restored in the disruptant. A concentration of 0.15 M (2.8%) glucose is known to induce caulonemal filaments (34) . Such a small colony might result in poor induction of caulonemal filaments (Fig. 3, A and B) . Generally, chloronemal cells contain more chlorophyll than caulonemal cells (35) . The chlorophyll content was 632.7 Ϯ 28.2 (n ϭ 3) g/g fresh weight in the wild-type and 982.7 Ϯ 10.3 in the disruptant colonies. This also supports the fact that the induction of caulonemal filaments is retarded in the disruptants. The gametophores were somewhat smaller than those of the wild-type moss (Fig. 3C) . The number of gametophores formed in the colony was ϳ50 in the disruptant, less than half of that of the wild-type (Fig. 3D) . To investigate the functional status of the photosynthetic apparatus of the disruptant, 4-4, we measured quantum yield of PSII photochemistry (PSII). The score of the disruptant was 30% lower than that of the wild-type. In addition, F m /F v and F m Ј/F v Ј were reduced by 40 and 28%, respectively, but the photochemical quenching (q P ) was not changed (Table 1 ). This indicated that the electron transfer from PSII to PSI was not interrupted, but the efficiency of PSII or accumulation of active PSII complexes was reduced in the disruptant.
PPR531-11 Disruptant Has Abnormal Chloroplasts-We also observed the morphology of the chloroplasts. The disruptant contained more chloroplasts per cell than the wild type (Fig. 3E) . No apparent morphological differences in the chloroplasts were found in chloronemal and caulonemal cells, whereas the difference in chloroplast size was remarkable in gametophore cells of the disruptant (Fig. 3F) . We then analyzed morphological changes in chloroplasts in the protonemata and gametophores by electron microscopy (Fig. 4) . Although large starch granules accumulated in the protonemal chloroplasts from both wild-type and disruptant, thylakoid membranes were stacked differently. In the wild-type, several layers of straight inner membranes were stacked to form two distinct membrane regions, grana and stroma lamellae. In the disruptant, however, most membranes were arranged in a pairwise manner with a wide distance between the layers and they did not form two distinct membrane regions. These observations indicated that the PPR531-11 disruption resulted in abnormal stacking of thylakoid membranes.
Disruption of PPR531-11 Impaired Processing of clpP PremRNA-A deficiency of plastid-localized PPR proteins results in abnormal RNA processing or accumulation of specific chloroplast gene transcripts in Arabidopsis (14, 15) and maize (8) . We therefore expected that targeted disruption of the PPR531-11 gene would give rise to abnormal accumulation of plastid transcripts in the moss. To investigate this possibility, we initially performed DNA microarray analysis using the Physcomitrella chloroplast DNA chip (32) . 100 signals were detected from 108 DNA fragments, and the signal intensity and RNA accumulation ratios of the PPR531-11 disruptant relative to the wild-type were analyzed. However, we could not identify the candidate genes quantitatively affected by PPR531-11 disruption (data not shown). We then performed Northern blot analysis to find aberrant transcript profiles. For this analysis, we selected 12 intron-containing plastid genes, 3Ј-rps12, ndhB, ycf66, petB-petD, ycf3, rps16, rpl2, ndhA, atpF, rpoC1, and clpP. Because, some of PPR proteins are known to involve in RNA splicing. Most of the transcript patterns were not largely different in the wild-type and disruptant, except for clpP (Fig. 5A) . Probing with a two-intron containing clpP gene, the predominant spliced and matured clpP mRNA (0.6-kb) and less abundant 1.7-kb transcript were detected in the wild-type. By contrast, the 3.2-and 1.7-kb transcripts accumulated to substantial levels, but the 0.6-kb transcript appeared at a much lower level (ϳ35% of the wild-type level) in the PPR531-11 disruptant. The clpP gene is known to be cotranscribed with the downstream 5Ј-rps12 and rpl20 genes in tobacco (36) . The gene-specific probes for 5Ј-rps12 and rpl20 also gave the longest 3.2-kb transcript, indicating the occurrence of a primary transcript of clpP to rpl20 in the moss. In the wild type, the 3.2-kb primary transcript was processed to produce the 1.7-kb unspliced clpP pre-mRNA, which was then immediately spliced to form the mature 0.6-kb mRNA (Fig. 5B) . In the PPR531-11 disruptant, such RNA-processing events were obviously impaired.
To determine a cleavage site between clpP and 5Ј-rps12 in the primary transcript, primer extension analysis was carried out. The major cleavage sites were mapped to be Ϫ53 or Ϫ52 relative to the translation initiation codon of 5Ј-rps12 in both the wild-type and the disruptant (Fig. 5C ). In the disruptant, numerous but small amounts of longer primer extension products were also detected. These could be primer-extended products from the aberrantly accumulated primary transcripts of 3.2 kb. The results indicated that the PPR531-11 disruption severely affected RNA processing of clpP pre-mRNA. 
Disruption of PPR531-11 Causes Significantly Reduced Efficiencies of Splicing and Intergenic Cleavage of ClpP
Pre-mRNA-To investigate exactly how splicing and/or intergenic cleavage of clpP pre-mRNA was affected in the PPR531-11 disruptant, we performed semi-quantitative RT-PCR analysis. As shown in Fig. 6A , clpP pre-mRNAs containing the first (fragment a) and the second intron (fragment b) accumulated at ϳ10 times higher levels in the disruptant than in the wild-type. This result coincides with the observation of Northern blot analysis using a clpP probe (Fig. 5A) . However, there were no significant differences in the splicing efficiencies of the first and second intron in the disruptant. Spliced clpP mRNA was estimated to accumulate at 40% wild-type level in the disruptant (Fig. 6A, fragment c) . On the other hand, trans-spliced rps12 transcripts (Fig. 6B, fragment e) and the mature rps12 mRNA (fragment f) accumulated at similar levels in the wild type and the disruptant. rpl20 transcripts were detected at higher levels in the disruptant (Fig.  6B, fragment g ), probably due to aberrant accumulation of the 3.2-kb primary transcript containing rpl20. As a control we also performed RT-PCR analysis of petD pre-mRNA and confirmed that petD premRNA splicing was not affected in the disruptant (Fig. 6C) . We further quantified the amount of uncleaved transcripts between clpP and 5Ј-rps12 in the wild-type and disruptant (Fig. 6A, fragment d) . Uncleaved transcripts accumulated to two to three times higher levels in the disruptant than in the wild-type. These observations clearly indicated that disruption of PPR531-11 resulted in significantly reduced efficiencies of both clpP pre-mRNA splicing and the intergenic cleavage between clpP and 5Ј-rps12.
Chloroplast Proteins Are Reduced in the PPR531-11 DisruptantChloroplast proteins were subjected to Western blot analysis because of abnormal thylakoid membranes stacking in the chloroplasts and the impairing of clpP mRNA maturation in the disruptant. As shown in Fig. 7 , the ClpP protein was reduced to ϳ30% of the wild-type level. The PSII reaction center protein D1 and PSII 33-kDa extrinsic protein PsbO, ATPase ␤ subunit, and Rubisco large (Fig. 7, LS) and small subunit (SS) were also reduced to 10 -30% of the wild-type level. By contrast, the nuclear-encoded plastid proteins, RNA-binding protein cp28 (37) and light-harvesting chlorophyll-binding protein (LHCII apoprotein), were not reduced in the disruptant.
DISCUSSION
We present a phenotypic and biochemical characterization of a knock-out mutant of the gene encoding a PPR protein in the moss P. patens, designated PPR531-11. The cognate gene was highly expressed in the light but not in the dark, suggesting its essential roles in chloroplast functions (3) . In this study, disruption of PPR531-11 caused significantly retarded growth of the protonemal colony, probably due to blocking the transition of chloronemal to caulonemal filaments. Caulonema formation in the disruptant was not restored by the addition of glucose to the BCD medium, which is known to induce caulonemal filaments (34) . In addition, despite higher amounts of chlorophyll in the protonemata, the quantum yield of photosystem II was reduced in the disruptant (Table 1) . Unlike the wild- A, total cellular RNA was extracted from the wild-type (WT) and disruptant (4-4) protonemata and subjected to Northern blot analysis. Ethidium bromide-stained gel was used as a loading control (rRNAs). Gene-specific probes are indicated at the bottom of each lane. The positions of RNA size markers are indicated on the left. B, schematic presentation of RNA processing of the primary transcript from clpP, 5Ј-rps12, and rpl20. The transcripts detected by Northern blot analysis are indicated by size. C, primer extension analysis was performed to identify the cleavage site between clpP and 5Ј-rps12. The 5Ј ends of primer extended products were mapped at 53 and 52 bp upstream from the translation initiation codon of the 5Ј-rps12. The position of the primer used is shown as an arrow in B (primer for PE).
type chloroplasts, consisting of two distinct membrane regions, most thylakoid membranes were not stacked and did not form distinct membrane regions in the disruptant chloroplasts (Fig.  4) . A similar thylakoid membrane has been observed in the partial clpP disruptant of tobacco (38) . Thus, disruption of PPR531-11 largely affected the structure and function of the moss chloroplasts.
Several loss-of-function mutations of PPR protein genes have been isolated, and they are mostly involved in RNA processing in chloroplasts (8, 14, 16) . In this study, disruption of the PPR531-11 may be indirectly involved in site-specific cleavage. If PPR531-11 were a major determinant for site-specific cleavage and recruited a RNA cleavage enzyme, multiple cleavage sites different from Ϫ53 and Ϫ52 sites might have been detected in the PPR531-11 disruptant. However, such aberrant cleavage sites were not detected. Thus, PPR531-11 might interact with other factors and facilitate clpP mRNA maturation. Because PPR531-11 consists of a rather simple array of PPR motifs, it is unlikely that PPR531-11 itself has enzymatic activities of RNA cleavage and splicing.
ClpP is a proteolytic subunit of the ATP-dependent Clp protease, which locates in the chloroplast stroma, but its exact role remains unclear (41) . Complete disruption of the chloroplastencoded clpP gene was not successful in tobacco (38) and Chlamydomonas (42) . Nonphotosynthetic maize BMS suspension cells lack chloroplast clpP gene from the chloroplast genome (43) . This suggests that clpP has an indispensable function for cell survival and photosynthesis. Complete loss of the clpP gene from the chloroplast genome results in ablation of the shoot system of tobacco, suggesting that ClpP-mediated protein degradation is essential for shoot development (44) . ClpP protein was shown to accumulate at a higher level in young plant than in matured in A. thaliana (45) . The moss PPR531-11 disruptant displayed severe phenotypes in the protonemata as did normal phenotypes in the adult gametophores. This suggests that function of ClpP protease is more important in the vegetatively growing protonemata.
Recently, Zheng et al. (45) reported that an antisense repression mutant of the nuclear ClpP4 gene contains smaller chloroplasts without a definable thylakoid membrane in A. thaliana. This indicates that clpP disruption affects chloroplast development. Taken together, we speculate that the reduced level of ClpP leads to an abnormal thylakoid membrane formation and the reduction of chloroplast proteins, D1, PsbO, H ϩ -ATPase, and Rubisco. In A. thaliana, antisense transgenic lines of the nuclear clpP6 gene also showed the reduced levels of other Clp protease, D1, ATPase ␤ subunit, and Rubisco (46) . The ClpP protein was reduced to ϳ30% of the wild-type level (Fig. 7) . This correlates to reduction of mature clpP mRNA level (Figs. 5 and 6 ). By contrast, the steady-state levels of psbA mRNA encoding D1 and rbcL mRNA for the Rubisco large subunit accumulated at similar levels in the wild-type and the disruptant (Fig. 5A) . Accordingly, we suggest that translational or post-translational control of the accumulation of D1 and LS proteins is impaired in the disruptant. This supports the hypothesis that chloroplast-encoded ClpP primarily contributes to the quality control of chloroplast proteolysis (41) . Our study may provide a clue to the role of ClpP in the chloroplasts. A certain level of accumulation of ClpP protein may be required for normal organization of thylakoid membranes and maintenance of Rubisco level (Fig. 8 ). An alternative explanation is that the chloroplast-encoded proteins were reduced by a possible reduction in the chloroplast ribosomal proteins. As shown in Fig. 6B , the steady-state levels of rps12 and rpl20 mRNAs were not decreased in the disruptant. Therefore, the entire phenotype of the mutant might be caused by via the reduction in ClpP than via a reduction in the ribosomal proteins. However, FIGURE 7 . The amounts of chloroplast proteins. A series of dilutions (9, 3, and 1 g) of total chloroplast proteins from wild-type (WT) and disruptant (4-4) was loaded on SDS-12% or 15% (for ClpP) PAGE, and subjected to Western blot analysis using antibodies for detection of ClpP, PSII reaction center D1, PSII subunit PsbO, ATPase ␤ subunit (AtpB), and chloroplast RNA-binding protein (cp28). The same gel was stained with Coomassie Brilliant Blue (CBB stain) to visualize total chloroplast proteins (bottom). Arrows indicate Rubisco large and small subunits (LS and SS) and light-harvesting chlorophyll-binding protien (LHCII apoprotein). we cannot exclude the possibility that the levels of ribosomal proteins S12 and L20 are decreased and hence functional ribosomes are limited in the disruptant.
The moss P. patens nuclear genome size is estimated to be 511 Mb (19) , which is similar to the 430-Mb rice genome. The whole genome sequence has been finished this year and is already available at DOE Joint Genome Institute and PHYSCObase. Our blast search revealed that 103 PPR protein genes were identified. 3 The moss PPR gene family is four times smaller than those of flowering plants. This suggests that the PPR protein gene family expanded widely and diverged significantly in concert with the development of advanced, multicellular forms of plants during evolution. Flowering plants are composed of multiple and more complicated tissues and organs that contain different types of plastids (47) . Although all types of plastids contain identical plastid genomes, their expression could be differentially regulated in a tissue-or organ-specific manner. Accordingly, multiple sets of regulatory factors might be required for plastid type-specific gene expression at the transcriptional, post-transcriptional, or translational levels (48) . By contrast, the moss P. patens is a nonvascular plant and has a simple organization. No apparent plastid differentiation occurs, and only chloroplasts exist in the cells (49) . Thus, plastid ontogeny in mosses is distinctly different from that in vascular plants. In addition, the size and gene organization of the chloroplast genome is highly conserved, but RNA editing frequency differs greatly between the mosses and vascular plants. For instance, only two RNA editing sites are found in P. patens (26) , whereas 25-34 sites have been identified in higher plant chloroplasts (50) . Arabidopsis CRR4 with 11 PPR motifs is essential for RNA editing of ndhD mRNA (51, 52) . By contrast, the moss ndhD mRNA is not edited, and a CRR4 homologue was not found in P. patens. Moreover, chloroplast genes are transcribed by plastid-encoded plastid RNA polymerase and nuclear-encoded phage-type plastid RNA polymerase in higher plants. By contrast, P. patens chloroplast genes are transcribed by plastid-encoded plastid RNA polymerase only (28) . Thus, regulation of chloroplast gene expression in the moss might vary from higher plant chloroplasts. Although clpP genes are cotranscribed with 5Ј-rps12 and rpl20 in both moss and tobacco, we could not find close relatives to PPR531-11 in Arabidopsis. Presumably, an Arabidopsis PPR protein involved in clpP maturation is highly diverged from the moss PPR531-11. Further biochemical and structural studies of the PPR531-11 protein will be required to deduce the biological and biochemical roles of this large and diverse protein family. The moss is an ideal system in which to address this question.
